Epothilones (Epo's) are bacterial natural products which are potent inhibitors of human cancer cell proliferation in vitro and in vivo. Tumor growth inhibition is based on the stabilization of cellular microtubules and at least seven epothilone-derived agents are presently undergoing clinical evaluation in humans. While all of these compounds are closely related structurally to the natural product leads Epo A and B, our own work involves the design, synthesis, and biological evaluation of analogs with significantly altered structural features. The ultimate goal of these efforts is the stepwise creation of new (and simplified) scaffolds for microtubule inhibition, bearing little or no obvious resemblance with the original epothilone structure. Such compounds would constitute new lead structures for anticancer drug discovery. In this paper we discuss the synthesis and biological properties of such hypermodified epothilone analogs, whose biological activity is within the same potency range as that of Epo A or B.
Introduction
Epothilones are 16-membered cytotoxic macrolides produced by the myxobacterium Sorangium cellulosum Sc 90, which were first reported by Reichenbach and Höfle in 1993
1 . There are two major variants of this class of natural products, termed epothilone A and epothilone B (Epo A and Epo B), which are distinguished by the presence or absence of a methyl group at C12 of the 16-membered macrocycle (Figure 1) . Epothilones are potent cytotoxic agents which inhibit the growth of a variety of human cancer cell lines in vitro with nM or even sub-nM IC 50 's. [2] [3] [4] Mechanistically, cytotoxicity arises from interference with cellular microtubule dynamics, resulting in abnormal spindle formation during mitosis and concomitant G2/M arrest followed by apoptosis. [2] [3] [4] In cell-free in vitro systems, epothilones induce polymerization of tubulin heterodimers into microtubule-like polymers and they can stabilize preformed microtubules against cold-or Ca 2+ -induced depolymerization. 2, 3 Their mechanism of action is thus similar to that of the prominent anticancer drug paclitaxel ( Taxol   ®   ) . However, in contrast to paclitaxel epothilones are potent growth inhibitors of drug-sensitive as well as multidrug-resistant cancer cell lines; [2] [3] [4] in addition, they have been shown to be active in vitro against cell lines whose paclitaxel-resistance is derived from specific tubulin mutations. 3, 5 Epo B as well as a number of its analogs have been demonstrated to possess potent in vivo antitumor activity and at least seven compounds of this class are currently undergoing clinical evaluation in humans. 6 These include Epo B itself (developed by Novartis), deoxyepothilone B (Epo D; Roche/Kosan/Sloan-Kettering Cancer Center), BMS-247550 (the lactam analog of Epo B; BMS), BMS-310705 (C21-amino-Epo B), ABJ879 (C20-Desmethyl-C20-methylsulfanyl Epo B) 7 and a compound from Schering AG of unknown structure. 8 One of the common characteristics of all the above clinical development compounds is their still close structural relationship with Epo B, which may perhaps limit the potential for pharmacological differentiation from the original natural product lead. In contrast to these closely related structures, our research is focused on generating more rigorously modified, but still potent, analogs, which we think are more likely to produce significant changes in overall pharmacological profile. The ultimate goal of these efforts is the evolution of hypermodified analogs (with very limited, if any, structural similarity with the original epothilone scaffold) that would represent new chemotypes for microtubule inhibition. This strategy can be considered the synthesis-based equivalent to the discovery of a new natural product with a specific biological activity. Within this conceptual framework, this paper will highlight three selected aspects of our epothilone-based drug discovery program, namely (i) the change of the geometry of the epoxide moiety from cis to trans, (ii) the rigidification of the unsaturated heterocycle-bearing side chain, and (iii) the removal of the C3-hydroxyl group to produce 3-deoxyepothilone analogs, all of which represent elemental steps on the way to new chemotypes for microtubule inhibition.
Results and Discussion
Trans-epothilone A One of the most intriguing features of the epothilone SAR revealed during early SAR studies was the fact that even C12/C13 trans-analogs of deoxyepothilones (Figure 1 ) exhibit very potent tubulin-polymerizing as well as antiproliferative activity. [9] [10] [11] [12] The literature data available at the outset of our own work in this area indicated that trans-deoxyEpo A was only slightly less active than deoxyEpo A (Figure 1) , whereas in the B series the activity difference appeared to be more pronounced. At the same time, trans-Epo A was reported by Nicolaou et al. to be virtually equipotent with Epo A on an ovarian (1A9) and a breast cancer (MCF-7) cell line 11 However, the absolute stereochemistry of the active epoxide isomer was not reported and the trans isomers were obtained as minor components during the synthesis of the natural cis isomers rather than being the result of a directed synthetic effort. In view of the interesting biological features of trans-(deoxy)epothilones we embarked on a project directed at the stereoselective synthesis of transepothilones A, the determination of the absolute stereochemistry of the bioactive isomer, and a more exhaustive biological characterization of this compound. 13 The stereoselective synthesis of (12S, 13S)-trans-Epo A 1 is summarized in Scheme 1. [13] The key step in the synthesis of this compound consists in the B-alkyl Suzuki coupling between olefin 5 and trans vinyl iodide 6, which in the presence of Ph 3 As as a ligand proceeded in 61% yield. 
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While conversion of the resulting coupling product 7 into trans-deoxyEpo A 10 proved to be straightforward and proceeded in 38% overall yield (4 steps), the most critical step in the preparation of trans-Epo A was the stereo-and regioselective epoxidation of the C12/C13 trans double bond. After significant optimization work this problem could be solved by the use of fructose-based epoxidation catalyst 11, 14 which allowed the preparation of (12S,13S) trans-Epo A 1 with ca. 8/1 -10/1 selectivity. As illustrated by the data summarized in Table 1 , compound 1, which retains the natural stereochemistry at C13, is a strong inducer of tubulin polymerization in vitro and exhibits potent antiproliferative activity, whereas its (12R,13R)-isomer (1a) is at least 500-fold less active than 1. (12S,13S)-trans-Epo A 1 in fact shows slightly higher growth inhibitory activity than Epo A itself and we have observed this rank order of activity across a wide range of human cancer cell lines. Whether the cis/trans equivalence observed for Epo A and trans-Epo A 1 also occurs in the Epo B series is unclear at this point, as the literature data on this question are somewhat contradictory (a 88-fold activity difference between Epo B and trans-Epo B against the human ovarian cancer cell line 1A9 is reported in ref 11, whereas a difference of only 8-fold is reported in ref. 12 for the same cell line). On the other hand, our finding that the trans-Epo A scaffold of 1 is associated with potent biological activity has recently been confirmed and expanded by Nicolaou et al. for a series of highly potent C12/C13 cyclopropane-based analogs of 18.
by the available information on the bioactive (tubulin-bound) conformation of Epo A as determined by NMR spectroscopy, which had indicated an exclusively transoid arrangement of the olefinic double bond between C16/C17 and the C-N bond of the thiazole ring 18 ( Figure 2 ).
Figure 2.
Tubulin-bound conformation of Epo A as determined by NMR spectroscopy (H-atoms are omitted for clarity). 18 Stabilization of this bioactive side chain conformation through incorporation of the C16-C17 olefinic double bond into a properly designed fused hetero-aromatic ring system (i. e. elimination of rotation about the C16 -C17 bond) resulted in analogs such as 12a and 12b, which showed improved cellular activity over the corresponding parent compounds Epo D and B, respectively. The activity-enhancing effect was particularly pronounced for the deoxy derivative 12a, which is > 10-fold more potent against the human epidermoid carcinoma cell line KB-31 than Epo D. 19 We have recently demonstrated that the beneficial effects of this side chain modification are not limited to analogs of the Epo B series, but are also observed for the corresponding Epo A derivatives. 20 With one of the major objectives of our analog program being the evolution of new templates for microtubule inhibition, we have subsequently prepared analogs, which combine a trans-epoxidecontaining epothilone macrocycle with the above dimethyl-benzimidazole side chain in a single molecule. The synthesis of the corresponding target structure 2 is summarized in Scheme 2 and is based on the B-alkyl Suzuki coupling between olefin 5 (Scheme 2) and vinyl iodide 15 as one of the key steps. Elaboration of the resulting coupling product into 2 proceeded through a similar sequence of steps as had been employed in the synthesis of 1. However, in contrast to the epoxidation of 10 (Scheme 1), the epoxidation of the corresponding deoxy precursor of 2 (i. e. 17) proceeded with much higher efficiency. Thus, treatment of 17 with an excess of oxone in the presence of 0.8 equiv of ketone 11 (Scheme 1) produced a 8/1 mixture of epoxide isomers (70% yield after flash chromatography), from which 2 was isolated in pure form and 53% overall yield through preparative HPLC. 20 This yield significantly exceeds that obtained of trans-Epo A 1 after epoxidation of trans-Epo C (10; Scheme 1), partly because the separation of epoxide isomers proved to be more straightforward for 2 than for trans-Epo A 1, but also because of higher conversion in the epoxidation of 17 (as compared to trans-Epo C 10). Analog 2 proved to be a potent inducer of tubulin polymerization and a highly active inhibitor of human cancer cell growth. The antiproliferative activity of 2 against the human epidermoid carcinoma cell line KB-31 is comparable with that of Epo B and significantly exceeds the activity of either Epo A or trans-Epo A 1 (IC 50 -values of 0.25 nM (2), 2.15 nM (Epo A), and 1.0 nM (1), respectively). However, in contrast to Epo A or 1, analog 2 is at least a weak substrate for the P-gp efflux pump, as indicated by ca. 5-fold reduced growth inhibitory activity against the P-gp-overexpressing, multidrug-resistant KB-8511 cell line (compared to its effects against the drug-sensitive KB-31 line; IC 50 = 1.36 nM). Nevertheless, benzimidazaole-based analog 2 is still far less susceptible to P-gp-mediated efflux than paclitaxel, for which the activity differential between KB-8511 and KB-31 cells is ca. 230-fold. 21 The reasons for the enhanced P-gp susceptibility of 2 are not understood, but the effect is in line with previous findings in our laboratory, which indicate that epothilone analogs with enhanced polarity (lower clog P values), including Epo D and B analogs 12a and 12b, generally are less active against P-gp-overexpressing cells (M. Wartmann, A. Flörsheimer, K.-H. Altmann, unpublished results). In agreement with these observations, preliminary data for analogs related to 2 that are more lipophilic in character indicate that the activity against resistant cells can be restored through additional structural modifications.
3-Deoxyepothilones
A different strategic starting point for our attempts to create hypermodified potent epothilone analogs was the removal of the hydroxyl group in the 3-position of the epothilone scaffold. Rather surprisingly, the consequences of this modfication for biological activity until recently had not been explicitly investigated in the literature, although other types of modifications at the 3-position had been described. Thus, α,β-dehydration in Epo's A and B (leading to 3-deoxy-2,3-didehydro derivatives) is well tolerated, 4, 22 which is in agreement with an anti-periplanar conformation of the C2-C3 bond in the proposed bioactive conformation of Epo A (cf. Figure 2) . 18 Activity is also largely retained upon replacement of the (3S)-hydroxyl group by a (3S)-cyano group, 22 while inversion of configuration at C3 leads to a profound loss in biological potency (for both Epo's A/B 6d as well as the corresponding 3-deoxy-3-cyano analogs
22
). Given the absence of biological information about simple 3-deoxy analogs of epothilones (with a single bond between C2 and C3), we have prepared 3-deoxyEpo B 3 and assessed the biological activity of this compound. The synthesis of 3 is summarized in Scheme 3 and follows similar strategic principles as had been employed in the preparation of 1 and 2. 23 Key steps are the B-alkyl Suzuki coupling of olefin 18 with vinyl iodide 20, Yamaguchi macrolactonization, and finally epoxidation of the C12-C13 double bond in deprotected macrolactone 21. Unexpectedly, macrolactonization was accompanied by partial epimerization at C15 (!), which later necessitated purification of 21 by preparative HPLC. Rather intriguingly, 3-deoxyEpo B 3 showed potent tubulin-polymerizing and antiproliferative activity, such that its cellular activity against the human epidermoid cancer cell line KB-31 is only ca. 25-fold lower than that of Epo B (IC 50 -values of 7.4 nM and 0.29 nM for 3 and Epo B, respectively). 23 The cellular potency of 3 is comparable with that of paclitaxel, Epo A, and also 3-deoxy-2,3-didehydro-Epo B, but in contrast to paclitaxel the compound retains activity also against multidrug-resistant KB-8511 cells (data not shown). The reduction in antiproliferative activity is more pronounced at the level of deoxy compound 21, which is ca. 40-fold less potent than Epo D. In a next step we then asked, whether at least some of the activity loss incurred by the removal of the 3-hydroxyl group in Epo B could be recovered through additional and compensatory structural modifications. Based on our previous studies on potency-enhancing side-chain modifications (vide supra), 19 this led to the design of compound 3a, which was found to be almost equipotent with Epo B with regard to growth inhibition of the KB-31 cell line (IC 50 of 0.58 nM vs. 0.29 nM for Epo B).
As previously observed for analog 2, compound 3a shows a small (3-4-fold), but clearly detectable activity differential between the sensitive KB-31 and the resistant KB-8511 cell line (IC 50 increase against the KB-8511 cell line to 1.58 nM), indicating that it may be a weak substrate for the P-gp efflux pump.
The structure of compound 3a deviates from that of Epo B with regard to both the core macrocycle as well as the heterocycle-bearing side chain, but it still features a cis-configured epoxide moiety at positions 12/13, which is a major structural hallmark of the natural products. Given the potent biological activity of analog 2, the next logical step in our quest for potent hypermodified epothilone analogs thus was the design of compound 4 (Scheme 4), which combines all the different individual modifications discussed above within a single molecule. 4 was obtained from 18 via B-alkyl Suzuki coupling with vinyl iodide 15 (Scheme 2), elaboration of the coupling product into deoxy analog 22 and final epoxidation (Scheme 4) . Quite remarkably, and in spite of its harboring major structural alterations relative to the native epothilone scaffold, the tubulin-polymerizing and antiproliferative activity of compound 4 is virtually identical with that of Epo A or paclitaxel (IC 50 of 4 against the drug-sensitive KB-31 cell line of 3.16 nM). As for 2 and 3, the growth inhibitory activity of 4 is slightly (ca. 2-fold) lower against the multidrug-resistant KB-8511 cell line than the paclitaxel-sensitive parental KB-31 line, but this small difference in cellular potency may not be pharmacologically relevant.
In summary, employing an iterative approach based on a natural product structural scaffold, we have derived a new microtubule-stabilizing agent, which we consider to represent a novel structural scaffold for microtubule inhibition. As such, 4 and related compounds may offer the same potential for pharmacological differentiation from the original epothilone leads as various newly discovered natural product microtubule inhibitors with macrolactone structure, such as laulimalide, peloruside, or dictyostatin. 24 Future work will focus on synthesis scale-up and the extensive biological profiling of 4 and related structures in vitro and in vivo, in order to establish whether these compounds are in fact pharmacologically distinct from Epo A and B. At the same time we will assess the effects of further structural modifications of 4 in the C8-C11 region and at the 2-position of the benzimidazole nucleus, which may or may not mirror the effects observed for analogous modifications of Epo A and B.
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